The Basso, Beattie, Bresnahan (BBB) open field locomotor scale is a popular measure of functional recovery following spinal cord injury (SCI). To examine the metric properties of the scale, we performed detailed analyses of BBB scores from 643 rats with moderate and severe SCI (12.5, 25, or 50 mm MASCIS) from two different laboratories. The analyses revealed that the BBB scale is ordinal in the most frequently used portion of the scale. Higher scores (14 and greater) were not frequently assigned in the dataset as animals with mild injuries were not sampled, making the ordinal nature of the upper end of the scale difficult to assess. The rare scores assigned in this range disproportionately increased variance. Under these conditions collapsing scores above 14 into one category increased effect size. Analysis of the lower region of the scale revealed that some scores (2 and 3) were rarely assigned, implying a discontinuity in the scale. The discontinuous nature of the lower portion of the scale presents a problem for both parametric and nonparametric statistical analyses. Pooling scores 2/3/4 eliminated the gap, enhancing the metric properties of the scale. Under the injury conditions evaluated, the transformation helped assure that the data were continuous and ordered. Further, interval durations were comparable across the entire range of the transformed scale, allowing application of parametric statistical techniques. The transformation should be applied in a post hoc fashion to reduce variability and increase power in cases where few scores fall in upper portion of the scale.
INTRODUCTION O
PEN FIELD LOCOMOTOR SCORES are a common and powerful way to assess recovery of function following spinal cord injury. The original open field locomotor scoring scheme developed by Tarlov and Klinger (1954) consisted of five functional levels that were distinguished by specific behaviors correlated with recovery. A major weakness of the original Tarlov scale was that it relied heavily on poorly operationalized terms such as "good movement" of the joints or "complete recovery".
The Basso, Beattie, Bresnahan (BBB) scale represents a dramatic improvement upon earlier Tarlov-based scales (Basso et al., 1995) . The BBB scale is a 21-point ordinal scale that assigns scores based on unambiguous behavioral categories. Operationally defining terms to reflect the range of motion (e.g., "extensive" movement is defined as greater than 50% of the entire range of motion for the joint) yields a stable scoring system that shows impressive inter-rater and inter-laboratory reliability (Basso et al., 1996) .
Data derived using the BBB scale are usually subject to mathematical analyses (Scheff et al., 2002) . Researchers begin by computing an average BBB score based on the individual scores for the left and right leg followed by statistical analyses of group performance over time. These computations depend on some basic assumptions about the underlying metric properties of the scale. The first requirement of both parametric and nonparametric statistics is that a scale be ordinal. Assuming that functional recovery generally progresses linearly over time, the BBB scale should show a monotonic progression with each score ultimately giving rise to higher scores FERGUSON ET AL. Extensive movement of two joints and slight movement of the third 5
Extensive movement of all three joints of the HL 6
Sweeping with no weight support or Plantar placement of the paw with no weight support 7
Plantar placement of the paw with weight support in stance only (i.e., when stationary) or occasional, frequent, or consistent weight supported dorsal stepping and no plantar stepping 8
Occasional weight supported plantar steps, no forelimb (FL)-HL coordination 9
Frequent to consistent weight supported plantar steps and no FL-HL coordination 10
Frequent to consistent weight supported plantar steps and occasional FL-HL coordination 11
Frequent to consistent weight supported plantar steps and frequent FL-HL coordination 12 Consistent weight supported plantar steps, consistent FL-HL coordination or frequent plantar stepping, consistent FL-HL coordination, and occasional dorsal stepping Definitions Slight: partial joint movement through less than half the range of joint motion Extensive: movement through more than half of the range of joint motion Sweeping: rhythmic movement of HL in which all three joints are extended, then fully flex and extend again; animal is usually sidelying, the plantar surface of paw may or may not contact the ground; no weight support across the HL is evident No weight support: no contraction of the extensor muscles of the HL during plantar placement of the paw; or no elevation of the hindquarter Weight support: contraction of the extensor muscles of the HL during plantar placement of the paw; or elevation of the hindquarter Plantar stepping: the paw is in plantar contact with weight support then the HL is advanced forward and plantar contact with weight support is reestablished Dorsal stepping: weight is supported thorough the dorsal surface of the paw at some point in the step cycle. FL-HL coordination: for every FL step an HL step is taken and the HLs alternate Occasional: less than or equal to half; 50% Frequent: more than half but not always: 51-94% Consistent: nearly always or always; 95-100% a Adapted from Basso et al., 1995 rather than lower scores (an indication of ordinality). A second assumption made by both nonparametric and parametric statistical techniques is that the scores on the scale are continuous-each score is used, and no scores are commonly skipped (Siegel and Castellan, 1988 ). An additional desired property is that the functional units represented in the scale are approximately equal (i.e., they lie on an interval scale). The interval requirement of the scale is more difficult to judge than the continuity and ordinal properties. However, the duration that subjects stay on a particular score provides an indirect measure. If the continuity and ordinal properties are not met, even the computation of average performance (median or mean) across hind limbs is suspect. However, if these two properties are met, researchers are justified in deriving a median and applying nonparametric statistics (e.g., Mann-Whitney U-test). If, in addition, the scale approximates the interval property, researchers can derive a mean and apply more powerful parametric techniques (e.g., analysis of variance [ANOVA] ).
In the present paper we evaluate the metric properties of the BBB scale using a large data set comprised of BBB data collected in separate laboratories at Texas A&M University and Ohio State University. The analyses reveal that the BBB scale meets the properties necessary for parametric manipulations over the most widely used portion of the scale (scores 1-14). However, there is a minor discontinuity that exists in the lower portion of the scale. At the upper end of the scale (scores Ͼ 14), infrequent assignment of the highest scores (due to the more severe injuries sustained by the rats in this sample) leads to occasional violations of the ordinal assumption. These features were observed in the datasets from both the Texas A&M and Ohio State laboratories. We present a simple transformation that corrects both the discontinuous nature of the lower portion of the scale and the loss of ordinality in the upper end of the scale. The modifi-A SIMPLE POST HOC TRANSFORMATION OF THE BBB 
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TABLE 3. VARIABLES USED IN ANALYSES
Measure Definition Formula
S BBB Score in Question (e.g., S ϭ 2 for a BBB score of 2) D Day on which subjects receive score S S Dϩ1
Score on the day after D ⌬S Difference between S Dϩ1 and S S Dϩ1 Ϫ S Positive ⌬S Instance in which ⌬S yields a positive value, indicating ⌬S Ͼ 0 recovery of function on the BBB scale Negative ⌬S Instance in which ⌬S yields a negative value, indicating ⌬S Ͻ 0 loss of function on the BBB scale Median Median (middle) value of all Positive ⌬S in the dataset positive ⌬S
Net ⌬S
The net direction of ⌬S in the dataset. cation pools scores 2-4 and 14-21, and can be applied in a post hoc fashion without modifying existing BBB scoring sheets, or re-running experiments (Table 1) . We show that the resultant scale is continuous, ordinal, and that the interval durations are approximately equal. In addition, the transformation reduced error variance, thereby improving effect size and statistical power. It should be noted that the usefulness of the upper part of the scale for rats with less severe injuries, or greater degrees of recovery, was not tested. Before applying the transformation a dataset should be examined. If a significant proportion of the scores fall above a score of 14, the transformation is not recommended.
MATERIALS AND METHODS
A large dataset was constructed by pooling BBB data from 236 subjects scored at Texas A&M University and 407 subjects scored at Ohio State University. The subjects scored at Texas A&M were male Sprague Dawley rats (Harlan, Houston, TX) with moderate (12.5 mm, MASCIS impactor) spinal contusion injuries. All contusion surgeries were performed by the same individual. BBB scores were assigned by three raters that had high inter-rater reliabilities (all r Ͼ 0.9). Subjects were scored daily for the first 14 days after surgery, and then every other day until day 26. After day 26, subjects were scored every 4 th day until day 42.
The BBB data collected at Ohio State were generated by scoring 407 male and female Long Evans hooded rats (Simonsen Laboratories, Gilroy, CA). All subjects were contused using a MASCIS impactor with weight-drop heights of 12.5 (n ϭ 223), 25 (n ϭ 130), or 50 mm (n ϭ 54). Data was collected by raters that had high inter-rater reliability (r Ͼ 0.88).
Data Analyses
Before pooling the data from the two laboratories, we examined whether the metric properties of the scale were affected by the interval between scoring sessions during the recovery period. The dataset from Texas A&M University had a more uniform sampling regimen with a high frequency of observations. As a consequence initial analyses were performed on this data set.
Because the computation of average performance across legs involves a mathematical operation (which assumes the metric properties of the underlying scale are known), all analyses were performed separately on data from the right and left leg. The steps taken in our analyses are summarized in Table 2 . The first analysis examined the nature of the distribution by plotting the proportion of observations that occur at each score. To better characterize whether particular scores were commonly skipped, we also examined the median change that occurred at each score. The impact of sampling frequency on these analyses was determined using the Texas A&M FERGUSON ET AL.
FIG. 1.
The proportional distribution of BBB scores in the Texas A&M dataset. dataset. Additional analyses were then conducted using both the Texas A&M and Ohio State data sets, and comparable sampling frequencies. These analyses assessed the average duration (days) at each score, whether subjects that achieved a particular score tended to progress along the scale in one direction, and the consequences of transforming the scale values. The formulae used to derive each variable are given in Table 3 .
RESULTS
Texas A&M Dataset
With the Texas A&M dataset, we plotted the frequency of the BBB scores (1-21) for the right and the left leg separately. As illustrated in Figure 1 , the data are positively skewed, and there are two valleys that represent infrequently assigned scores. The skewness of the distribution reflects an experimental attribute of the contusion procedure. Approximately 96% of the observations lie below a score of 14 in the A&M dataset. Less severe injuries would lead to a greater proportion of high scores and less skew. Indeed, others have found that more severe injuries produce positively skewed distributions whereas a very mild injury produces a negative skew (Basso et al., 1996; Teng et al., 2002) . Because the skewness reflects an inherent feature of the experimental manipulation, data transformations (e.g., log transformation) designed to reduce skewness could have unintended consequences and are not recommended.
The valleys in the dataset present a greater threat to the interpretability of the BBB scale. As seen in Figure   A 1, there is a trough at the BBB score of 3 and another at 9. From a theoretical perspective the valleys are interesting because they could indicate that recovery proceeds in a stepwise fashion. On the other hand, they may reflect discontinuities in the scale that pose a problem for both statistical analyses and the calculation of average performance across legs (Seigel and Castellan, 1988) .
To better characterize the nature of the valleys we examined the proportion of scores at three different time points: days 2, 18, and 34. At all three time points valleys are seen at the scores of 3 and 9, suggesting that they represent regular features of the A&M dataset rather than an idiosyncrasy limited to a specific phase of recovery (data not shown).
Do the valleys represent scores that are commonly skipped? To assess this we examined the magnitude of incremental change from each score across all subjects in the dataset. By taking the median positive change (formally defined in Table 3 ) at each point on the scale we were able to derive a measure of the tendency for continuous movement through the points on the scale. Because this analysis requires equal sampling intervals, we examined median change values using three different subsampling rates (every 4, 8, or 16 days). The relative proportions remained equivalent across the different sampling frequencies (data not shown). As the sampling frequency increased, so too did the median positive change (data not shown). But in all cases the largest median change tended to occur at the low end of the scale (at scores 1 and 2). For example, consider the median positive changes for the 4-day sampling frequency. As shown in Figure 2 , the median positive change for a score 1 is a 4-point jump on the BBB scale. When improvement occurs, subjects tend to move from a score of 1 to a score of 5 between scoring sessions. A similar tendency is seen for BBB scores of 2 and 3. These rapid jumps in median positive change suggest that the first major valley occurs because the BBB scores of 3 and 4 are commonly skipped. This same pattern was observed at the 8 and 16 day sampling rates (data not shown). Moreover, exami-FERGUSON ET AL.
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FIG. 3.
Two representative examples of individual subjects. subjects tend to show dramatic leaps (indicated by the arrows) in recovery in the same portion of the scale (scores 2-5), suggesting potential discontinuities.
FIG. 4.
Effect of weight drop height on the proportional distribution of BBB scores in the Ohio State Dataset, depicted on linear (top panels) and logarithmic (middle panels) scales. Bottom panels depict the effect of weight drop height on the median positive change values for each BBB score. nation of data from individual subjects confirms that subjects tend to skip the scores of 3 and 4. Data from two representative cases are displayed on the left side of Figure 3 .
Ohio State Dataset
Are these features specific to the Texas A&M dataset or do they reflect a more global feature of the BBB scale? The Ohio State dataset allowed us to address this question and examine the effect of impact height (12.5, 25, or 50 mm weight drop) on the metric properties of the BBB scale. To allow comparisons to the Texas A&M dataset we limited our analyses to data collected using a regular sampling procedure (every 7th day). Figure 4 (top panels) displays the relative proportions of scores on both linear and log (middle panels) scales. At the lightest weight drop scores peak at 11, suggesting that this score represents a functional barrier (further progress requires frequent to consistent weight supported plantar stepping and occasional forelimb-hindlimb coordination). As in the Texas A&M data, there is a valley at 2-3. A second FERGUSON ET AL.
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FIG. 5.
Comparison of the Average Duration (top) and the net change from each score (bottom) for the Texas A&M (left) and Ohio State (right) datasets. Negative net change values indicate that the score in question tended to yield lower BBB scores rather than higher scores over time. The scores of 0 and 21 were not included in the computation of net change values because at these scores change could only occur in one direction (negative for 21 and positive for 0).
FIG. 6.
The relation between the original (Untransformed) BBB scale (top) and the Transformed scale (bottom). The transformation consisted of pooling the untransformed scores 2, 3, and 4 to produce a score of 2 on the transformed scale. In addition scores of 14 and above were pooled to produce the single score of 12 on the transformed scale. valley occurs at a score of 14. This second valley may stem from the limited number of observations in this region of the scale-only 3% of the scores in Ohio State dataset fell above 14.
We again examined whether these dips indicate a discontinuity in the scale. Figure 4 (bottom panels) depicts the median positive change for 12.5, 25, or 50 mm weight drops. As was seen in the Texas A&M dataset, the Ohio State data has a peak in the median positive change at the lower portion of the scale (scores 0-2), suggesting that subsequent scores are often passed over. With the lower drop heights there is also a peak at 13-14, suggesting that here too subsequent scores are often skipped.
Additional Analyses
The datasets allowed us to examine two additional issues. First, do subjects remain at each score for similar periods of time? Figure 5 (top panels) displays the average duration (defined in Table 3 ) of each score for the Texas A&M data sampled every 8 days and the Ohio State data sampled every 7 days. The durations were comparable across the different scores, suggesting that subjects do not tend to get locked at a particular score. The one exception occurred at a score of 11 with the OSU dataset, but the duration of this score was smaller than that suggested by the relative proportion of scores that fell into this category (compare Figures 4 and 5) .
We next examined whether subjects progress through the scale in an ordered way. Given that the BBB scale is designed to be ordinal, changes along the scale should generally be positive. To examine this issue we evaluated the net change at each level on the scale using the formula described in the method section (Table 3) . As shown in Figure 5 (bottom panels), net change was generally positive in both datasets for scores 1-14. Above a score of 14, negative net changes were observed.
Impact of Data Transformation on Metric Properties
Taken together the present observations reveal that a few scores on the low end of the BBB scale are seldom used and often skipped. This suggests a discontinuity in the lower portion of the scale. In addition, with the lesion parameters used in the present datasets, the data do not appear well-ordered above a score of 14.
An easy way to correct for a discontinuity is to pool scores with low frequencies, thereby producing a new category that represents the transition state. When making such a transformation, it is essential to avoid masking important functional changes. For example, the transitions from a score of 8 (sweeping or plantar placement with no weight support) to 9 (plantar paw placement with weight support during stance or dorsal stepping), and from 9 to 10 (occasional plantar steps without FORE-LIMB-HINDLIMB coordination) represent important functional milestones. Pooling a score of 9 with the lower or higher score would mask these changes. This fact, and the observation that a dip at 9 only occurred in the Texas A&M dataset, yields a good rationale for not tampering with scores 8-10.
Both datasets exhibited a dip at scores 2-4. A score of 1 indicates slight movement in 1-2 joints, while a score of 4 corresponds to slight movement in 3 joints. It appears that after subjects recover slight movement in 2 joints, they often soon recover slight movement in the third joint, moving from a score of 1 to a 4. A subject that has extensive movement in one joint (and possibly slight movement of a second) is given a score of 2. From this point, subjects often regain slight movement of the third joint, which yields a 3-point jump to a score of 5. A score of 3 (extensive movement of just 2 joints) appears to correspond to a logical possibility that rarely occurs in the normal recovery. Subjects instead rapidly progress through this region of the scale, exhibiting a 3-point gain in performance. This produces a discontinuity that can be eliminated by pooling scores 2 through 4 (Fig.  6 ). Thus extensive movement of one or two joints, or slight movement of all three joints, characterizes a single step on the scale.
Other problems occurred above a score of 14. Here, there are some important functional distinctions made, but because very few observations occurred within this range of the scale, the data collected did not seem well ordered. Again, this problem can be fixed by collapsing scores 14 and above, yielding a 12-point scale that may be better suited for experiments using the lesion severities sampled in this study.
As shown in Figure 7 (top and middle panels), the transformation smoothes the distribution of scores for both the Ohio State and the Texas A&M datasets (see Figs. 1 and 5 for comparison) . It is clear from the proportions of scores plotted on both a linear (top panels) and log (middle) scale that our transformation eliminates the dip that yielded a discontinuity in the lower region of the scale. The transformation also has a marked impact on the daily median change scores, effectively eliminating the rapid transitions seen in the original scale (Fig.  7 , bottom panels; see also Fig. 3 , right panels). Moreover, change along the transformed scale tends to be positive, implying better ordinal properties (Fig. 8, bottom  panels) .
A potential concern is that the transformation may alter the duration that subjects remain at each score. However, as depicted in Figure 8 (top panels), durations were not markedly affected, indicating that the intervals remain approximately equal.
Impact on Statistical Analyses
Improving the metric properties of the BBB scale should improve the reliability of observations and effect size. As a consequence, statistical power would increase as well (Keppel, 1991) . Reliability can be assessed by examining the percentage of variance that is shared between scores during the last week of testing (after performance has stabilized). The square of the correlation coefficient A SIMPLE POST HOC TRANSFORMATION OF THE BBB (r 2 ) is equivalent to the percentage of variance shared by the observations over time. As shown in Table 4 , the transformation increases reliability of scores by 2% in the Texas A&M dataset and 10% in the Ohio State dataset.
Does the transformation affect the ability of the BBB scale to detect experimental manipulations? To address this question we examined the impact of the transformation on several experimental manipulations (coded as A-E) under investigation at Texas A&M (Grau et al., 2001) . As shown in Table 5 the transformation generally increases effect size. The percent variance accounted for by the experimental treatments (eta squared) increased by an average of 2.1%. The transformation had an even greater impact on the Treatment X Day interaction; in four out of the five different experiments examined, the transformation increased eta squared values (by an average of 2.5%). In ANOVA and other statistical procedures, increasing the effect size enhances statistical power.
DISCUSSION
We have presented a simple transformation that improves the metric properties of the lower portion of the BBB scale. Our analyses reveal that the transformed scale produces a more continuous distribution of scores with interval durations that are approximately equivalent. This provides greater justification for the application of mathematical operations (e.g., the computation of mean performance) and the use of parametric statistical analyses. To aid others who may wish to apply the transformation, we have posted a Microsoft Excel template on the internet that automatically performs the transformation (available at http://graulab.tamu.edu/BBBtransformation.html).
Because the transformation produces a continuous distribution, it avoids potentially suspect measures of performance in the lower end of the scale. On the untransformed scale it is not uncommon for subjects to show superior performance on one leg, leading to mean scores that inaccurately represent functional state. As an illustration, consider a subject that has a score of 5 on the untransformed BBB on one leg and a score of 1 on the other. In this case the mean performance would be calculated as a 3, a score that normally does not occur on an individual leg. However, with transformed scores one leg would be assigned a 1 and the other a 3, yielding an average score of 2. Because 2 is an intermediate value that does occur, the mean of the transformed data is a more accurate portrayal of functional performance.
The transformation also corrects problems associated with the upper end of the scale in this dataset. Our analyses show that the top third of the scale (scores 15-21) accounts for just 3% of the observations under the lesion parameters examined (i.e., moderate and severe). Though rare, these scores can profoundly affect our estimates of group performance. For example, if a group of subjects has a mean performance that falls below a score of 12, a single outlying score (19-21) can disproportionately increase both the group mean and variance. For this reason, pooling scores within the upper portion of the scale reduces error variance, improving the effect size and the power to resolve empirical effects. This manifests as an increase the percentage of variance accounted for across days by our experimental treatments (Table 5) .
The findings in the present study should not be interpreted as posing a challenge to the upper range of the BBB scale. The difficulty in the present case arises because the usual contusion parameters (12.5-50 mm MASCIS) generate very few observations in this region of the scale. Under these injury parameters, the proposed transformation is recommended. However, if a large proportion of the scores fall above 14, the transformation should not be applied. Given sufficient observations, the metric properties of the upper part of the scale could be evaluated as outlined in the present paper (Table 2) .
When researchers apply our proposed transformation to their own data, they may be discouraged by the fact that it will generally decrease the absolute (numerical) difference between groups. However, if a decrease in the difference between group means is associated with a proportionally larger decrease in unexplained variance (as our analyses suggest will occur), the transformation will increase both effect size and statistical power. By improving the metric properties of the BBB scale, we strengthen its foundation and increase its capacity to resolve experimental effects.
